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Science  
makes people reach selflessly for truth and objectivity;  
it teaches people to accept reality  
with wonder and admiration 
- Lise Meitner 
 
 
  
 
 
Summary 
In oligotrophic environments like groundwater, microorganisms can adapt to the nutrient 
limited conditions through the development of cooperative or antagonistic interactions, or 
through the general adaptation and regulation of their metabolism. Microbial communities in 
groundwater are highly complex and often dominated by microorganisms that lack cultivated 
representatives, including members of the Candidate Phyla Radiation (CPR). These ultra-small 
sized bacteria have streamlined genomes that lack metabolic functions thought to be essential 
for life, suggesting that they depend on other microorganisms for these cellular components. 
This lifestyle hampers the cultivation of CPR, which traditionally relies upon the isolation of 
single microorganisms. Thus, understanding the repertoire of interaction mechanisms and the 
metabolic potential of groundwater bacteria is limited to laboratory investigations of a few 
isolates or based exclusively on genome-derived information.  
To study these critical and understudied inter- and intra-species interactions, the production of 
growth promoting- and inhibiting metabolites by groundwater bacteria was evaluated. To do 
so, I developed a high-throughput screening method that allowed a rapid and highly 
standardized evaluation in liquid cultures. This method enabled the screening of 149 bacterial 
isolates from groundwater and 1402 co-cultures, revealing a high potential for the production 
of growth-affecting secondary metabolites. My results showed that 38 % of the tested bacteria 
had growth inhibitory effects and 6 % caused growth promotion when grown in monoculture, 
but both of these effects were reduced by 50 % when bacteria were grown in co-cultures. 
Although cooperative interactions were expected to be dominating, antagonistic interactions 
were more prevalent among these cultivated representatives of the groundwater community. 
To target interactions between uncultivated microorganisms and identify the potential partners 
of the CPR, co-occurrence network analyses were performed. CPR were found to play a central 
role in the microbial community and are associated with specific partner organisms, including 
abundant autotrophic bacteria. To determine the underlying mechanisms behind these predicted 
interactions, I performed a detailed analysis of one CPR: Cand. Roizmanbacterium ADI133 
possesses a typical CPR genome which lacks the genetic potential to synthesize certain amino 
acids or lipids. Within the genome, I identified potential genetic machinery that would enable 
this bacterium to attach to its necessary partner organisms. The subsequent development of a 
specific primer set allowed me to track Cand. Roizmanbacterium ADI133, and I showed that it 
comprises up to 2.3 % of the bacterial community. A complete genomic characterization and 
co-occurrence analysis pointed to a host-dependent lifestyle in which the Roizmanbacterium 
provides lactate to its mixotrophic partner bacteria. This transfer of organic carbon is thought 
to stimulate the growth of other community members with important ramification for sulfur and 
nitrogen cycling. Thus, these results imply that cooperative interactions within the yet 
uncultivated portion of the groundwater microbiome play a more pronounced role than 
suggested by cultivation-based findings. 
In addition to the high abundances of members of the CPR, hetero- and autotrophic bacteria 
were surprisingly found in the ultra-small fraction (< 0.2 µm) of bacteria in groundwater. On a 
subset of representative heterotrophic bacteria isolated from the site, I was able to show that the 
reduction of carbon supply leads to a decrease of cell size of 80 %, matching our field 
observations. These findings suggest that groundwater microorganisms are adjusted to carbon 
starvation in the environment by increasing their surface-to-volume ratio to optimize the uptake 
of sparse nutrients. 
As the input of surface-derived organic carbon is limited, dead microbial biomass (necromass) 
might be recycled by the groundwater microbiome. When I followed the uptake of necromass-
derived carbon using a combined DNA- and Protein Stable Isotope Probing (SIP) approach, 
heterotrophic members of the community rapidly responded and stimulated the growth of 
autotrophic organisms. Notably, members of the CPR did not incorporate necromass-derived 
carbon even though necromass is a source of the amino acids, lipids and vitamins that cannot 
be produced by CPR. Furthermore, our data show that eukaryotic members of the groundwater 
microbiome incorporate necromass-derived carbon either by directly feeding on necromass or 
on the biomass of the heterotrophic bacteria. In addition, we show that more complex food webs 
coincide with a higher genetic potential for chemolithoautotrophic primary production 
suggesting that complex food webs in groundwater are supported by chemolithoautotrophy as 
well as an efficient recycling of necromass. 
Collectively, the findings presented within this dissertation demonstrate how groundwater 
microbial communities are structured and influenced by species interactions as well as by the 
metabolic potential of individual members. While the predicted role of key players like 
Cand. Roizmanbacterium ADI133 has significantly contributed to the understanding of 
groundwater ecology, this dissertation further highlights the importance of trophic interactions 
in the terrestrial subsurface. However, novel cultivation strategies are needed to learn more 
about the role of yet uncultivated microorganisms, including the CPR.
 
 
Zusammenfassung 
 
In oligotrophen Lebensräumen wie Grundwasser können sich Mikroorganismen durch die 
Entwicklung kooperativer oder antagonistischer Interaktionen oder durch die allgemeine 
Anpassung und Regulierung ihres Stoffwechsels an die nährstoffarmen Bedingungen anpassen. 
Mikrobielle Gemeinschaften im Grundwasser sind hochkomplex und werden oft von Mikroben 
dominiert, denen es an kultivierten Vertretern mangelt, darunter Bakterien der Candidate Phyla 
Radiation (CPR). Diese sehr kleinen Bakterien haben reduzierte Genome, denen essenzielle 
Stoffwechselfunktionen fehlen, was darauf hindeutet, dass sie von anderen Mikroorganismen 
abhängig sind. Dieser Lebensstil erschwert die Kultivierung von CPR, welche traditionell auf 
der Isolierung einzelner Mikroorganismen beruht. Das Verständnis des Repertoires der 
Interaktionsmechanismen und des metabolischen Potenzials von Grundwasserbakterien 
beschränkt sich daher auf Laboruntersuchungen einiger weniger Isolate oder basiert 
ausschließlich auf genomischen Informationen.  
Um die wenig erforschten Interaktionen zwischen und innerhalb einer Spezies zu untersuchen, 
wurde die Produktion von wachstumsfördernden und hemmenden Metaboliten durch 
Grundwasserbakterien untersucht. Dazu wurde von mir ein Hochdurchsatz-Screeningverfahren 
entwickelt, welches eine schnelle und hochstandardisierte Auswertung in Flüssigkulturen 
ermöglicht. Dieses Verfahren ermöglichte das Screening von 149 Bakterienisolaten aus 
Grundwasser und 1402 Co-Kulturen welche ein hohes Potenzial für die Produktion von 
wachstumsbeeinflussenden Sekundärmetaboliten aufweisen. Meine Ergebnisse zeigten, dass 
38 % der getesteten Bakterien wachstumshemmende und 6 % wachstumsfördernde Effekte 
verursachten, wenn sie in Monokulturen gezüchtet wurden. Beide Effekte wurden um 50 % 
reduziert, wenn Bakterien in Co-Kulturen wuchsen. Obwohl erwartet wurde, dass kooperative 
Interaktionen dominieren, waren antagonistische Interaktionen unter diesen kultivierten 
Vertretern der Grundwassergemeinschaft stärker verbreitet. 
Um Interaktionen zwischen nicht-kultivierten Mikroorganismen gezielt zu untersuchen und die 
potenziellen Partner der CPR zu identifizieren, wurden Co-Occurrence Netzwerkanalysen 
durchgeführt. Es wurde festgestellt, dass die CPR eine zentrale Rolle in der mikrobiellen 
Gemeinschaft spielen und mit spezifischen Partnerorganismen, einschließlich vorhandener 
autotropher Bakterien, assoziiert sind. Um die zugrunde liegenden Mechanismen hinter diesen 
vorhergesagten Interaktionen zu bestimmen, habe ich eine detaillierte Analyse eines CPR 
durchgeführt: Cand. Roizmanbacterium ADI133 besitzt ein typisches CPR-Genom, in dem das 
genetische Potential einige Aminosäuren oder Lipide zu synthetisieren fehlt. Im Genom habe 
ich potenzielle genetische Mechanismen identifizieren können, welche es diesem Bakterium 
ermöglichen würden, sich an seine notwendigen Partnerorganismen anzuheften. Die 
anschließende Entwicklung eines speziellen Primersets ermöglichte es mir, 
Cand. Roizmanbacterium ADI133 zu quantifizieren und nachzuweisen, dass es bis zu 2,3 % 
der Bakteriengemeinschaft ausmacht. Eine vollständige genomische Charakterisierung und Co-
Occurrenceanalyse deutete auf einen wirtsabhängigen Lebensstil hin, bei dem das 
Roizmanbacterium seinen mixotrophen Partnerbakterien Laktat zur Verfügung stellt. Dieser 
Transfer von organischem Kohlenstoff könnte das Wachstum anderer Mitglieder der 
Gemeinschaft anregen, mit wichtigen Auswirkungen für den Schwefel- und Stickstoffkreislauf. 
Diese Ergebnisse deuten somit darauf hin, dass kooperative Wechselwirkungen innerhalb des 
noch nicht kultivierten Teils des Grundwassermikrobioms eine ausgeprägtere Rolle spielen, als 
es kultivierungsbasierte Erkenntnisse vermuten lassen. 
Neben den hohen Häufigkeiten von Mitgliedern der CPR wurden hetero- und autotrophe 
Bakterien überraschend in der kleinen Fraktion (< 0,2 µm) von Bakterien im Grundwasser 
gefunden. An heterotropen Bakterien, die aus dem Grundwasser isoliert wurden, konnte ich 
zeigen, dass die Reduzierung der Kohlenstoffversorgung zu einer Verringerung der Zellgröße 
um 80 % führt, was unseren Feldbeobachtungen entspricht. Diese Ergebnisse deuten darauf hin, 
dass Grundwassermikroorganismen an den Kohlenstoffmangel in der Umwelt angepasst sind, 
indem sie ihr Verhältnis von Oberfläche zu Volumen erhöhen, um die Aufnahme von 
begrenzten Nährstoffen zu optimieren. 
Da der Eintrag von organischem Kohlenstoff begrenzt ist, kann tote mikrobielle Biomasse 
(Nekromasse) durch das Grundwassermikrobiom recycelt werden. In einer Untersuchung der 
Aufnahme von Nekromasse mittels kombinierten DNA- und Protein Stable Isotope Probings 
(SIP), reagierten heterotrophe Mitglieder der Gemeinschaft schnell und stimulierten das 
Wachstum autotropher Organismen. Insbesondere haben die Mitglieder der CPR jedoch keinen 
aus Nekromasse gewonnenen Kohlenstoff aufgenommen, obwohl Nekromasse eine Quelle für 
Aminosäuren, Lipide und Vitamine ist, die von CPR nicht selbst produziert werden können. 
Darüber hinaus zeigen unsere Daten, dass eukaryotische Mitglieder des 
Grundwassermikrobioms Nekromasse-Kohlenstoff entweder durch direkte Aufnahme von 
Nekromasse oder aus der Biomasse der heterotrophen Bakterien aufnehmen. Darüber hinaus 
zeigen diese Ergebnisse, dass komplexere Nahrungsnetze mit einem höheren genetischen 
Potenzial für chemolithoautotrophe Primärproduktion zusammenfallen, was darauf hindeutet, 
 
dass Nahrungsnetze im Grundwasser durch Chemolithoautotrophie, sowie ein effizientes 
Recycling von Nekromasse unterstützt werden. 
Zusammenfassend zeigen die in dieser Dissertation vorgestellten Ergebnisse, wie mikrobielle 
Grundwassergemeinschaften strukturiert sind und durch Interaktionen sowie durch das 
metabolische Potenzial einzelner Mitglieder beeinflusst werden. Neben der postulierten Rolle 
von Schlüsselorganismen wie Cand. Roizmanbacterium ADI133, welche wesentlich zum 
Verständnis der Grundwasserökologie beigetragen hat, unterstreicht diese Dissertation 
ebenfalls die Bedeutung trophischer Wechselwirkungen im terrestrischen Untergrund. Jedoch 
sind neue Kultivierungsstrategien erforderlich, um mehr über die Rolle der noch nicht 
kultivierten Mikroorganismen, einschließlich der CPR, zu erfahren. 
 
  



 

1. Introduction 
 
1.1 Microbial Interactions  
Microorganisms are in constant interaction with their environment, but also with other 
organisms of the same (intraspecific interactions) or other species (interspecific interactions). 
Biological interactions between bacteria can have strong effects on the entire microbial 
community in terms of bacterial growth, community composition and functioning (Hibbing et 
al., 2010; Pande and Kost, 2017). Interspecific interactions can be beneficial for both sides 
(mutualism), only for one side (commensalism) or beneficial for one side while the other 
organism is deprived (parasitism).  often been defined as a 
positive-positive interaction, nowadays all persistent biological interactions of different 
organisms are defined as (Martin and Schwab, 
2012; Figure 1). Between microorganisms, these interactions are often mediated by the 
exchange of extracellular metabolites.  
Figure 1 | Different forms of symbiotic interactions between microorganisms.     
Mutualism, commensalism and parasitism can be categorized as cooperative and antagonistic 
interactions. Benefitting bacteria are depicted in green, whereas the deprived bacterium is depicted in 
red. Grey indicates a neutral interaction.  
  
1.1.1 Interactions via Primary and Secondary Metabolites 
Microorganisms continuously produce metabolites (Greek: metabolítes
can have various functions within the cell, such as determining cell structure, signalling or 
regulating enzymes. Generally, metabolites can be distinguished as primary and secondary 
metabolites, with primary metabolites resulting from basic cellular functions like growth or 
reproduction. They are crucial for the functioning and survival of a cell. Contrastingly, 
secondary metabolites are not central in a cell mediators 
of an organism with its environment and other organisms. Secondary metabolites produced by 
bacteria can be antimicrobial compounds but also growth factors, that can affect other 
microorganisms positively or negatively (Hibbing et al., 2010; Cornforth and Foster, 2013; 
Pande and Kost, 2017; Figure 1).  
Bacterial metabolites can directly impact other organisms or are used as signalling compounds 
for surrounding bacteria. In order to regulate processes like biofilm formation or antimicrobial 
substances production 
population cell densities within their environment (Waters and Bassler, 
2005). As soon as a critical density is reached these bacteria produce or stop producing 
metabolites such as antimicrobial compounds (Holden et al., 1998; Waters and Bassler, 2005). 
In this example, an intraspecific interaction among bacteria of one 
species, is followed by interspecific interactions via antibiotics with the microbial community.  
 
Antagonism. Antagonistic interactions between microorganisms by the release of secondary 
metabolites like antibiotics, as well as parasitic interactions, are common in microbial 
communities (Foster and Bell, 2012; Pande and Kost, 2017). While some bacteria and micro-
eukaryotes are well known for being parasites of higher organisms, bacteria can also act as 
parasites on other bacteria. For example members of the genus Bdellovibrio, which attack, enter 
and subsequently replicate inside the host cells (Stolp, 1973).  
Likewise, the production of antibiotics negatively affects the growth of other microorganisms 
that are in direct competition for e.g. nutrients or space within an environment, and thereby 
promotes the growth of the producing bacterium. This costly production of secondary 
metabolites, however, has been shown not be continuously performed but rather to be encoded 
on gene clusters that are only actively expressed when the bacterium is triggered by surrounding 
bacteria (Scherlach and Hertweck, 2009; Cornforth and Foster, 2013). Experimental studies 
confirm that secondary metabolites are regularly a result of direct interaction with other bacteria 
 
(Garbeva et al., 2011; Traxler et al., 2013; Tyc et al., 2014, 2017) and that the production of 
antimicrobial compounds increases when bacteria are grown in pairwise interactions (Kinkel et 
al., 2014). Not only in environments with higher cell numbers, but also in more dilute, aquatic 
ecosystems, the production of antimicrobial substances against other bacteria plays a role 
(Motta et al., 2004). In fact, especially less studied, extreme environments like the deep-sea are 
promising sources of microorganisms that produce compounds with antimicrobial activity 
(reviewed in Tortorella et al., 2018). Similarly, microbial communities in the terrestrial 
subsurface can hold the metabolic potential of interacting with other microorganisms via 
antimicrobial compounds.  
 
Cooperation. In cooperative interactions multiple organisms depend on each other, for 
example through the production/consumption of metabolites by the partner organisms (Bryant 
et al., 1967; Schink and Stams, 2013; Dolfing, 2014). Often, this phenomenon is called 
syntrophy  or cross-feeding . These obligate mutualistic interactions have been described in 
different microbial consortia (Bryant et al., 1967; Schink, 1997; Drake et al., 2009) and are 
primarily found in ecosystems that lack oxygen as the terminal electron acceptor (Morris et al., 
2013). One example is the cross-feeding on hydrogen (H2) that is accumulation during the 
degradation of amino acids. In high concentrations H2 can hamper the growth of the degrading 
bacterium. However, the subsequent metabolization of H2 by other bacteria like 
Methanospirillum hungatei and Acetobacterium woodii significantly improves the growth of 
the amino acid degrading bacterium (Zindel et al., 1988). Similarly, the process of nitrification 
from ammonia (NH3) to nitrate (NO3-) by two groups of organisms is an example for 
cooperation of microorganisms: In the first step NH3 is oxidized to nitrite (NO2-) which is 
subsequently utilized by NO2--oxidizing bacteria and converted to NO3. Nitrification plays an 
important role in wastewater treatment facilities but also in surface- water and groundwater 
ecosystems (Ward, 1996; Sorokin et al., 2012; Opitz et al., 2014; Chen et al., 2016; Wegner et 
al., 2019). 
The on other 
microorganisms still lacks evolutionary explanation (Pande and Kost, 2017). Indeed, 
competition instead of cooperation is dominating the interactions between cultured 
microorganisms (Foster and Bell, 2012). On the other hand, it has been shown that especially 
between yet uncultured microorganisms, the majority of bacteria lack key genes to synthesize 
central metabolites, suggesting cooperative interactions should be more common than 
previously assumed et al., 2014). Yet, the relevance of cooperative interactions in the 
terrestrial subsurface and the mechanisms behind them are only poorly understood. 
1.1.2 Trophic Interactions 
Beside interactions via metabolites, microorganisms are also part of complex food webs and 
thus involved in trophic interactions with other microorganisms and higher organisms. In 
marine and lake ecosystems, the role of bacteria in the food web has been widely acknowledged 
 (Azam et al., 1983; Fuhrman, 1999). Photosynthesis-
driven primary production is providing fresh organic carbon to the ecosystem and heterotrophic 
bacteria subsequently use detritus as a carbon source. The microbial biomass is then consumed 
by bacterivorous protozoan and metazoan organisms. Like this, carbon is transferred through 
the food chain, and ultimately again recycled by bacteria. 
In ecosystems that lack photosynthetic primary production, like groundwater, microorganisms 
depend on the scarce input of organic matter (OM) from the surface (Baker et al., 2000; 
Foulquier et al., 2009), chemolithoautotrophic primary production (Hutchins et al., 2016) or 
organic carbon stored in the rock matrix (Krumholz, 2000; Nowak et al., 2017). CO2-fixation 
by prokaryotes is of great importance for subsurface carbon cycling and sets the base of the 
microbial food web in groundwater ecosystems (Akob and Küsel, 2011). 
Chemolithoautotrophic microorganisms, that obtain energy by oxidizing inorganic compounds 
like hydrogen, ammonia or ferrous iron, are primary producers that generate biomass 
independent from OM inputs from the surface. Thereby, chemolithoautotrophic bacteria and 
archaea play a crucial role at the bottom of the microbial food webs in a variety of aquatic 
ecosystems like the deep-sea, lakes or rivers (Lonsdale, 1977; Kohzu et al., 2004; Casamayor 
et al., 2008). Recently, the relevance of chemolithoautotrophic primary production has also 
been demonstrated in groundwater of a karst aquifer, where it accounts for up to 69 % of the 
OM metabolized by the groundwater fauna (Hutchins et al., 2016). Both bacterivorous protozoa 
and predatory bacteria feed on other bacteria and thereby mediate carbon fluxes from primary 
producers and consumers to higher trophic levels (Stolp, 1973; Risse-Buhl et al., 2013; 
Hutchins et al., 2016).  
Besides the in-situ primary production of fresh biomass, microorganisms can also recycle dead 
microbial biomass (necromass) that is either introduced to the groundwater from the surface, or 
a result of cell death in the subsurface. Bacterial necromass has been shown to be ubiquitously 
distributed in soils and can, subsequently, be transported to the groundwater (Miltner et al., 
2012; Gleixner, 2013; Ma et al., 2018). In addition, the nutrient limited conditions in the 
 
groundwater might lead to the death of bacterial cells that enter the aquifer after being 
transported through soils and seepage water. As a result, members of the microbial community 
that persist or even flourish in groundwater are well adapted to the oligotrophic conditions in 
groundwater and may be exploiting necromass as a source of organic carbon compounds as 
well as cell components like amino acids, nucleotides or lipids (Orsi et al., 2018; Starr et al., 
2018). The use of necromass as a carbon source has been proposed and demonstrated for 
bacteria in different aquatic ecosystems, including microorganisms that lack cultivated 
representatives (Müller et al., 2018; Orsi et al., 2018; Starr et al., 2018) and necromass 
recycling has been demonstrated within an enrichment culture of a hydrocarbon degrading 
consortium where fermentative bacteria utilize dead bacterial biomass and thereby provide 
electron donors to the hydrocarbon-degrading bacteria. Based on these findings, the existence 
(Dong et al., 2018). 
 
1.1.3 Interactions Between yet Uncultivated Microorganisms 
While the mechanisms of microbial interactions for many groups of bacteria are well 
understood and studied, aquatic ecosystems also harbour a wide range of microbial diversity 
whose interactions with other microorganisms are believed to be obligatory, yet poorly 
understood. Groundwater systems have been found to contain a particularly high fraction of 
microorganisms belonging to phyla that lack cultivated representatives including members of 
the Candidate Phyla Radiation (CPR, also referred to as Cand. Patescibacteria (Parks et al., 
2018); Bruno et al., 2017; Kumar et al., 2017; Schwab et al., 2017). However, the role of CPR 
in the environment and their lifestyle can only be assumed based on available genomes.  
The small genomes of CPR bacteria are generally characterized by the lack of genes for amino 
acid, nucleotide and lipid synthesis (Brown et al., 2015; Luef et al., 2015; Castelle and Banfield, 
2018; Probst et al., 2018a). It is generally assumed that CPR are symbiotic members of the 
microbial community (Luef et al., 2015). Cultivation-based studies support the hypothesis of a 
partner-dependent lifestyle of the CPR: The Parcubacterium Cand. Sonnebornia yantaiensis has 
been described as an intracellular symbiont of the protist Paramecium bursaria (Gong et al., 
2014). Together with the alga Chlorella, Cand. Sonnebornia yantaiensis and Paramecium form 
a three-partner consortium in a freshwater pond (Gong et al., 2014). Furthermore, a member of 
the CPR phylum Saccharibacteria (TM7x) was isolated as an obligate epibiotic symbiont of 
Actinomyces odontolyticus (He et al., 2015).  
Interactions between different trophic levels or symbiotic partner organisms potentially have 
great implications on the structure of the groundwater microbiome and the entire groundwater 
fauna. However, the types of metabolic- and trophic interactions between groundwater 
microorganisms and the consequences that these interactions have for the transfer of carbon 
within the microbial community in subsurface ecosystems is to date only poorly understood. 
 
1.2 Assessing the Metabolic Potential of Microorganisms 
Microbial communities are highly complex and investigating the metabolic potential of the bulk 
community or individual members is not trivial, as the metabolism of an organism is often 
partially influenced by interactions with other organisms. A combination of cultivation-
dependent and -independent techniques is needed to get the most complete picture of the 
metabolic potential of microorganisms in natural communities as possible.  
 
1.2.1 Potential and Limitations of Cultivation-based Techniques 
In order to fully assess the metabolic potential and physiology of a microorganism, cultivation-
based studies using microbial isolates are essential. Only the availability of a microorganism, 
or at least a consortium of microorganisms in the form of enrichment cultures allows to fully 
describe the actual capabilities of individual strains. The screening of bacterial isolates for their 
potential to produce antibiotics is only one example of the importance of cultivation-based work 
(Tyc et al., 2014). While studies have shown that the production of antimicrobial compounds 
can be increased when co-cultivating different bacteria, these methods still lack high-
throughput cultivation and automated screening methods to check for the production of 
antimicrobials (Tyc et al., 2014, 2017). Besides being of interest in the search for novel natural 
products for drug design, elucidating the potential to produce growth affecting secondary 
metabolites is also of relevance for understanding microbial interactions in the environment. 
Thus, novel cultivation and screening methods for natural products are promising developments 
in both environmental and clinical microbiology (Mahler et al., 2018; Cross et al., 2019; 
Wiegand et al., 2019). 
With an increasing amount of sequencing data from environmental samples, this gap between 
cultivated microbes and the microbial diversity present in the environment is becoming even 
more striking. Within the domains of Archaea and Bacteria, entire phyla that lack cultivated 
representatives have been discovered (Brown et al., 2015; Spang et al., 2015; Anantharaman et 
 
al., 2016), demonstrating the need to combining cultivation-dependent and -independent 
methods for a better understanding of microbial communities, their functioning and 
evolutionary histories (Zaremba-Niedzwiedzka et al., 2017; Imachi et al., 2019). 
 
1.2.2 Cultivation-independent Techniques 
Amplicon-based Techniques. Amplicon-based techniques like quantitative PCR (qPCR) of 
functional marker genes or high throughput sequencing, can give first insights into the 
metabolic potential of complex communities. By quantifying marker genes of certain processes, 
like the genes encoding the key enzyme for CO2-fixation via the Calvin-Benson-Bassham cycle, 
RubisCO, assumptions on potential processes taking place can be made (Alfreider et al., 2003; 
Tabita et al., 2007). If the quantification of these marker genes is made on transcript level, 
information about the actual expression of these genes by the microbial community can be 
gained. 
The sequencing of phylogenetic- (e.g. 16S / 18S rRNA genes) and functional marker genes 
allows to generate an overview of the phylogenetic or functional composition of environmental 
communities (Figure 2A). The large datasets that can be generated with this method have now 
almost entirely replaced methods like molecular cloning and allow an in-depth analysis of 
complex microbial communities. Estimates of relative abundances of certain groups of 
microbes in a sample for example allow the analysis of community dynamics over time or the 
detection of rare taxa (Yan et al., 2019). However, like all PCR-based methods, high-throughput 
sequencing of amplicons is not immune to primer biases. Around 10 % of the microbial 
diversity in environmental samples are missed by PCR-based sequencing techniques (Eloe-
Fadrosh et al., 2016). Especially microbes of yet uncultivated phyla like the CPR and novel 
groups of Archaea are frequently overlooked by amplicon sequencing approaches as insertions 
in their 16S rRNA gene (Brown et al., 2015) or mismatches with commonly used primer sets 
impede their detection (Eloe-Fadrosh et al., 2016). 
Meta- and Single-Cell Genomics. Unlike PCR-based high-throughput sequencing methods, 
shotgun sequencing of environmental DNA is not affected by the use of PCR primers that are 
biased towards or against certain taxa (Eloe-Fadrosh et al., 2016). Thus, shotgun metagenomics 
enables a more complete picture of the diversity within environmental samples but also the 
overall metabolic potential of a community (Figure 2A). The development of new algorithms 
and bioinformatic tools for assembling metagenomic sequence reads to larger contigs as well 
as methods for binning these contigs into groups of sequences that belong to the same organism 
furthermore results in the recovery of more and more metagenome assembled genomes 
(MAGs). These MAGs allow us to draw conclusions about the metabolic potential of single 
organisms within an environment, broaden our knowledge about general microbial diversity on 
Earth and even challenge evolutionary theories, such as the evolution of eukaryotic life 
(Anantharaman et al., 2016; Hug et al., 2016; Eme et al., 2017; Parks et al., 2017; Zaremba-
Niedzwiedzka et al., 2017). 
Despite their value for microbial ecology, MAGs are population genomes, meaning that within 
the process of sequence assembly and binning, sequences that origin from different cells can be 
concatenated and combined to a genome due to their sequence similarity. In nature, however, 
populations of the same species can exhibit a high degree of genomic heterogeneity (Rinke et 
al., 2014). Cell-sorting based single-cell genomics, that allow the sequencing of genomes from 
individual cells (single amplified genomes (SAGs)) circumvent the problem of cross-assembly 
of multiple strains and thus are a powerful tool to explore the full metabolic potential of 
uncultivated microorganisms in an environment (Stepanauskas, 2012; Rinke et al., 2014). In 
addition, genome-centric methods have been used to improve cultivation methods and have led 
to the successful cultivation of members of the CPR (Cross et al., 2019).  
Stable Isotope Probing. Unlike genomics-based techniques, that can only point towards 
potential functions that can be carried out by an organism or a community, methods based on 
stable isotope probing (SIP) allow to link taxonomic identification to metabolic activity of that 
organism through the assimilation of an isotopically labelled substrate in complex communities 
(Radajewski et al., 2000). In brief, a stable isotope containing substrate is added to an 
incubation (Figure 2B). Organisms that utilize the labelled substrate take up the isotopic label 
and incorporate it in their biomass, including their DNA, RNA and proteins. Labelled and 
unlabelled nucleic acids are separated by density gradient centrifugation and individually 
sequenced (Radajewski et al., 2000). The proteins can be identified and analysed by mass 
spectroscopy and subsequently their taxonomic affiliation is assigned using reference databases 
(Taubert et al., 2012). 

1.3 Groundwater as an Ecosystem 
Groundwater is defined as subsurface water 
whose fluctuation is exclusively or almost exclusively governed by gravity and the caused 
friction forces  (DIN 4049-1, 1992). More than 30% of the fresh water on Earth is retained in 
the terrestrial subsurface (Loquay et al., 2009; Hölting and Coldewey, 2013). Not only does 
groundwater play an important role in the global water cycle, but it also provides crucial 
ecosystem services like the supply of drinking water. Karst aquifers for example provide almost 
25 % of the worlds drinking water (Ford and Williams, 2007). The absence of light, hampering 
primary production via photosynthesis, as well as a limited input of organic carbon, distinguish 
groundwater ecosystems from other subsurface ecosystems like soils, or surface aquatic 
ecosystems (Griebler and Lüders, 2009). These unique features of groundwater as a habitat for 
life turn aquifers into a challenging environment for microorganisms (Danielopol et al., 2000; 
Griebler and Lüders, 2009). Additionally, agricultural intensification and the accompanied 
introduction of nitrogen and phosphorus derived from fertilizers poses a major threat to water 
quality. The natural conditions within the groundwater but also a degradation of the water 
quality make it a challenging environment for microbial life. 
 
1.3.1 Microbial Life in Groundwater 
With 93 Gt of carbon microorganisms (Bacteria, Archaea, Protozoa and Fungi) are the second 
largest biomass component on Earth (Bar-On et al., 2018). Bacteria account for the biggest 
portion of microbial biomass, followed by fungi, Archaea and protists (Bar-On et al., 2018). 
The majority of microbial biomass is stored in the terrestrial subsurface, including the deep 
continental subsurface, soils and groundwater (Bar-On et al., 2018; Flemming and Wuertz, 
2019).  
 
Prokaryotes. Abundances of prokaryotes in groundwater vary drastically between different 
aquifer systems. In karst aquifers, bacteria reach abundances of up to 108 cells L-1, while 
archaeal abundances range between 103 and 105 cells L-1 (reviewed in Akob and Küsel, 2011; 
Opitz et al., 2014; Lazar et al., 2017; McMahon and Parnell, 2014). Besides the comparably 
low cell numbers, the oligotrophic conditions in many groundwater systems often favour groups 
of microorganisms with particular small cell sizes (Luef et al., 2015). The increased surface-to-
volume ratio of smaller cells for example leads to a more efficient uptake of the limited nutrients 
in groundwater (Sowell et al., 2009). At the same time, a lack of nutrients can also lead to a 
 
decreasing cell size in starving bacteria (Hood and MacDonell, 1987; Vybiral et al., 1999; 
Young, 2006). Furthermore, small cells sizes are often correlated with smaller sized genomes. 
These reduced genomes lower the metabolic costs of reproduction for the bacterium and are 
thus advantageous in low-nutrient systems (Giovannoni et al., 2014). Ultra-small bacteria with 
cell sizes smaller than 0.2 µm and streamlined genomes that lack critical metabolic functions 
are found to be highly abundant in groundwater ecosystems (Wrighton et al., 2012; Brown et 
al., 2015; Luef et al., 2015). However, as these bacteria are challenging with respect to 
cultivation, little is known about their role in the environment, interactions with other 
microorganisms or their full metabolic potential in subsurface habitats. 
With the advances in microbial genomics and sequencing techniques, the tree of life recently 
underwent a remarkable expansion within both prokaryotic domains, Bacteria and Archaea 
(Brown et al., 2015; Hug et al., 2016; Parks et al., 2017; Zaremba-Niedzwiedzka et al., 2017; 
Castelle and Banfield, 2018). Genome-resolved metagenomics and single-cell sequencing have 
contributed significantly to our knowledge about the metabolic potential of microorganisms 
and the extent of their diversity in various difficult to access environments, including 
groundwater (Brown et al., 2015; Luef et al., 2015; León-Zayas et al., 2017). With their  
Hug and colleagues (2016) illustrated the amount of bacterial and 
archaeal phyla that to date still lack cultivated representatives (Candidate Phyla), by 
highlighting the diversity within an entire radiation in the tree of life that almost entirely lacks 
cultivated members: the Candidate Phyla Radiation (CPR) (Hug et al., 2016; Castelle and 
Banfield, 2018). 
 
Eukaryotes. Despite the limitations in space and nutrients for microeukaryotes, protozoa have 
been shown to inhabit shallow as well as deep groundwater systems (Griebler and Lüders, 2009; 
Akob and Küsel, 2011; Griebler and Avramov, 2015). Eukaryotic 18S rRNA gene abundances 
in groundwater vary between 1.0 × 105 and 4.0 × 106 gene copies L-1 (Loquay et al., 2009; 
Akob and Küsel, 2011; Risse-Buhl et al., 2013). However, studies investigating their diversity 
are rare (Novarino et al., 1997) and seldomly based on culture-independent observations. 
Reports on protozoan diversity in groundwater of a karstic limestone system confirm a diverse 
micro-eukaryotic presence, including ciliates, flagellates, amoebae, heliozoans and sporozoans 
(Novarino et al., 1997; Risse-Buhl et al., 2013). These findings indicate the presence of mainly 
bacterivorous protozoa, but also flagellates and heliozoans, known to also feed on other 
protozoa. Higher organisms, metazoans, have equally been reported to be inhabiting 
groundwater ecosystems. However, their presence has been reported to be tied to oxic 
conditions in the groundwater, as well as the presence of other microorganisms to feed on 
(Griebler and Mösslacher, 2003; Hahn, 2006). Thus, food chains in the terrestrial subsurface 
are often assumed to be short and of low species diversity within the different trophic levels 
(Gibert and Deharveng, 2002; Hüppop, 2012; Hutchins et al., 2016). 
 
1.3.2 Field Site 
The Hainich Critical Zone Exploratory (CZE) 
initiative AquaDiva@Jena and the consecutive collaborative research centre (CRC)1076 
AquaDiva. The central aim of the CRC AquaDiva is to understand how surface conditions, such 
as management types, weather events or geology, influence and shape the functional 
biodiversity of the subsurface (Küsel et al., 2016). The field site is located in central Germany 
in close proximity to the Hainich national park (Küsel et al., 2016). Two superimposed karstic 
limestone aquifer assemblages, following a downhill slope, can be investigated along a ~ 6 km 
transect (Küsel et al., 2016; Kohlhepp et al., 2017; Figure 3A).  
Both aquifers are accessed at five sites along the transect through fifteen groundwater wells 
(Figure 3A). The unique design of the groundwater wells, with wide slots in the well screens 
and coarse filter material surrounding the wells, minimizes the attachment of particles and 
organisms to the filter material (Küsel et al., 2016) and at the same time allows larger organisms 
to pass the filter and enter the groundwater wells (Figure 3C). Lysimeters enable a regular 
sampling of seepage water that percolates the soils and ultimately contributes to groundwater 
recharge (Figure 3A). By that, the transport of microorganisms and matter from the surface to 
the subsurface can be monitored, contributing to an improved understanding of the formation 
of the groundwater microbiome. Since the establishment of the Hainich CZE, the 
hydrochemical parameters (Kohlhepp et al., 2017) and microbial inventory of the groundwater 
have been continuously monitored (Risse-Buhl et al., 2013; Herrmann et al., 2015, 2017; 
Kumar et al., 2017; Yan et al., 2019). The two aquifer assemblages, as well as the different 
sites, significantly differ in the hydrochemistry of the groundwater (Figure 3B) 
The analysis of metagenomic and metatranscriptomic data from both aquifers revealed a broad 
functional diversity in the groundwater microbial community that is mainly driven by nitrogen 
and sulfur cycling (Wegner et al., 2019). Generally dominated by Cand. Patescibacteria, 
Proteobacteria and Nitrospirae (Kumar et al., 2017; Schwab et al., 2017; Yan et al., 2019) the 
 
core microbiome consists of 26 bacterial operational taxonomic units (OTUs) that persist across 
space and time (Yan et al., 2019). Besides redox potential and pH in the upper aquifer 
assemblage and total inorganic carbon and nitrite in the lower aquifer assemblage, ammonium 
concentrations are driving the community composition in the groundwater (Yan et al., 2019).  
Figure 3 | Overview of the Hainich Critical Zone Exploratory groundwater well transect.       
(A) Schematic illustration of the transect including the locations of groundwater wells, lysimeters and 
soil sampling locations (modified from Kohlhepp et al., 2017) facilitate to follow the groundwater flow 
path (Chapter 3, 4 & 6). (B) The groundwater hydrochemistry in both the upper (HTU) and lower 
(HTL) aquifer assemblage across the different sampling sites (H1, H3, H4, H5). (C) Photographs 
depicting the unique well design with wide slots in the well tubing as well as coarse glass beads used as 
inert backfilling material (modified from Küsel et al., 2016) enable the sampling of larger, eukaryotic 
community members (Chapter 5 & 6).  
1.4 Hypotheses and Objectives 
Bacteria inhabiting oligotrophic groundwater are known to often lack critical metabolic 
functions. In order to lower their individual metabolic expenses cooperation might be of more 
relevance than antagonistic interactions. One example of a group of groundwater 
microorganisms whose restricted metabolic capacity presumably leads to a dependency on 
other microorganisms are members of the CPR. Beside the large fraction of CPR, autotrophic 
microorganisms have been found to play an important role in the groundwater microbiome of 
the Hainich CZE and could be a partner for CPR. Therefore, the first two hypotheses of this 
thesis were: 
I. Positive interactions between microorganisms prevail in groundwater ecosystems 
 
II. Fermentative members of the CPR are linked to autotrophic partners in the groundwater 
microbiome 
 
In order to address these hypotheses, the objectives were: 
i. Development of a standardized high-throughput method to screen a broad selection of 
bacterial isolates for growth-inhibiting and -promoting effects in liquid culture. 
ii. Detailed analysis of the genome of one CPR bacterium to identify potential host 
association factors. 
iii. Prediction of interactions between yet uncultivated members of the CPR with other 
community members using co-occurrence networks. 
 
As the input of photosynthesis-derived organic matter into the groundwater is limited, the 
groundwater microbiome is adapted to oligotrophic conditions. Carbon can be provided by 
autotrophic bacteria as well as through the recycling of necromass. Thus, the third hypothesis 
of this thesis was: 
III. Groundwater microorganisms respond to the availability of different carbon sources 
 
To test this third hypothesis, the objectives were: 
iv. Analysis of the response in cell size of groundwater bacteria to different concentrations 
of organic carbon. 
v. Tracking of the uptake of necromass by the groundwater microbiome using SIP. 
vi. Elucidation of the genetic potential for chemolithoautotrophic primary production in 
groundwater.  
 
1.5 Structure of the Thesis 
Within the following five chapters, the hypothesis and aims of this dissertation will be 
addressed (Figure 4). 
In Chapter 2 Growth promotion and inhibition induced by interactions of groundwater 
bacteria  (Geesink et al., 2018; published in FEMS Microbiology Ecology) the effects that 
bacterial isolates from groundwater grown in mono- and co-cultures have on a the growth of a 
third bacterium were investigated. The newly developed method allowed the screening for both, 
growth promotive and inhibitive effects in liquid media. This work has been carried out in 
collaboration with Paolina Garbeva, Olaf Tyc and Charlotte van de Velde (NIOO-KNAW, 
Wageningen, The Netherlands).  
 
Chapter 3 redominance of Cand. Patescibacteria in groundwater is caused by their 
preferential mobilization from soils and flourishing under oligotrophic conditions
(Herrmann et al., 2019; published in Frontiers in Microbiology) elucidated the origin of ultra-
small bacteria belonging to the CPR in groundwater and their co-occurrence patterns with other 
microorganisms. Furthermore, the effects of starvation on cell size of heterotrophic bacteria 
isolated from groundwater were demonstrated. 
 
Figure 4 | Workflow to investigate the three hypotheses (HI  HIII) of this dissertation.       
Cultivation-dependent (blue), cultivation-independent (green) and experimental approaches (orange) 
were used in combination with different methods in microbial ecological. All three hypotheses are 
discussed in the following chapters of this thesis.  
Within Chapter 4 Genome-inferred spatio-temporal resolution of an uncultivated 
Roizmanbacterium reveals its ecological preferences in oligotrophic groundwater  
(Geesink et al., 2019; published in Environmental Microbiology) the genome of a member of 
a yet uncultivated Roizmanbacterium was analysed. To gain further insight into its ecological 
preferences its abundance was tracked across a transect of multiple groundwater wells over the 
course of one year. This work was conducted in collaboration with Alexander Probst 
(University Duisburg-Essen) as well as Hang Dam and Anne-Kristin Kaster (KIT Karlsruhe). 
 
In Chapter 5 Bacterial necromass is rapidly metabolized by heterotrophic members of the 
microbial community in groundwater  (Geesink et al., in preparation) the uptake of 13C 
labelled necromass by the bacterial and eukaryotic community was followed using DNA- and 
Protein-SIP techniques. A rapid metabolization of amino acids by heterotrophs stimulates 
autotrophic community members as well as eukaryotic members of the groundwater 
community. This work was conducted in collaboration with Nico Jehmlich and Martin von 
Bergen (UFZ Leipzig). 
 
In Chapter 6 Complex food webs coincide with high genetic potential for 
chemolithoautotrophy in fractured bedrock groundwater  (Herrmann et al., 2020; 
published in Water Research) the genetic potential for bacterial chemolithoautotrophy was 
estimated and different levels of putative trophic interactions by pro- and eukaryotes in 
groundwater were disentangled. The results presented in this chapter disclose complex food 
webs within groundwater that coincide with an elevated genetic potential for 
chemolithoautotrophic primary production.  
 
2. Growth promotion and inhibition induced by interactions 
of groundwater bacteria 
Patricia Geesink, Olaf Tyc, Kirsten Küsel, Martin Taubert, Charlotte van de Velde, 
Swatantar Kumar and Paolina Garbeva 
 
published on August 18th, 2018 in FEMS Microbiology Ecology. doi: 10.1093/femsec/fiy164 
 
Microorganisms can produce a plethora of secondary metabolites, some acting as signaling 
compounds and others as suppressing agents. As yet, the potential of groundwater microbes to 
produce antimicrobial compounds to increase their competitiveness against other bacteria has 
not been examined. In this study, we developed an AlamarBlue® based high-throughput 
screening method that allowed for a fast and highly standardized evaluation of both growth-
inhibiting and -promoting metabolites. With this technique, 149 screened bacterial isolates were 
grown in monocultures and in 1402 co-cultures. Co-cultivation did not increase the frequency 
of growth inhibition against the two tested model organisms (Staphylococcus aureus 533R4 
and Escherichia coli WA321) compared to monocultures. Mainly co-cultivation of 
Proteobacteria induced growth inhibition of both model organisms. Only slightly increased 
growth promotion of S. aureus 533R4 was observed. Growth-promoting effects on 
E. coli WA321 were observed by supernatants from co-cultures between Bacteroidetes and 
Firmicutes. With the standardized screening for both growth-inhibiting and -promoting effects, 
this method will enable further studies to elaborate and better understand complex inter-specific 
interactions and networks in aquatic communities as well as in other environments. 
 
 
 
 
 
Supplementary data to this article can be found online at  
https://academic.oup.com/femsec/ article-lookup/doi/10.1093/femsec/fiy164#supplementary-
data
  
 
 

 

 

 

 
3. Predominance of Cand. Patescibacteria in groundwater is caused 
by their preferential mobilization from soils and flourishing under 
oligotrophic conditions 
Martina Herrmann, Carl-Eric Wegner, Martin Taubert, Patricia Geesink, Katharina 
Lehmann, Lijuan Yan, Robert Lehmann, Kai Uwe Totsche and Kirsten Küsel 
Published on June 20th, 2019 in Frontiers in Microbiology. doi: 10.3389/fmicb.2019.01407 
 
 
Despite the widely observed predominance of Cand. Patescibacteria in subsurface 
communities, their input source and ecophysiology are poorly understood. Here we study 
mechanisms of the formation of a groundwater microbiome and the subsequent differentiation 
of Cand. Patescibacteria. In the Hainich Critical Zone Exploratory, Germany, we trace the input 
of microorganisms from forested soils of preferential recharge areas through fractured aquifers 
along a 5.4 km hillslope well transect. Cand. Patescibacteria were preferentially mobilized from 
soils and constituted 66 % of species-level OTUs shared between seepage and shallow 
groundwater. These OTUs, mostly related to Cand. Kaiserbacteraceae, 
Cand. Nomurabacteraceae, and unclassified UBA9983 at the family level, represented a 
relative abundance of 71.4 % of the Cand. Patescibacteria community at the shallowest 
groundwater well, and still 44.4 % at the end of the transect. Several Cand. Patescibacteria 
subclass-level groups exhibited preferences for different conditions in the two aquifer 
assemblages investigated: Cand. Kaiserbacteraceae surprisingly showed positive correlations 
with oxygen concentrations, while Cand. Nomurabacteraceae were negatively correlated. Co-
occurrence network analysis revealed a central role of Cand. Patescibacteria in the groundwater 
microbial communities and pointed to potential associations with specific organisms, including 
abundant autotrophic taxa involved in nitrogen, sulfur and iron cycling. Strong associations 
among Cand. Patescibacteria themselves further suggested that for many groups within this 
phylum, distribution was mainly driven by conditions commonly supporting a fermentative life 
style without direct dependence on specific hosts. We propose that import from soil, and 
community differentiation driven by hydrochemical conditions, including the availability of 
organic resources and potential hosts, determine the success of Cand. Patescibacteria in 
groundwater environments. 
Supplementary data to this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fmicb. 2019.01407/full#supplementary-material

 

 

 

 

 

 

 

 

4. Genome-inferred spatio-temporal resolution of an uncultivated 
Roizmanbacterium reveals its ecological preferences in 
oligotrophic groundwater 
Patricia Geesink, Carl-Eric Wegner, Alexander J. Probst, Martina Herrmann, Hang T. Dam,  
Anne-Kristin Kaster and Kirsten Küsel 
Published on November 19th, 2019 in Environmental Microbiology. doi: 10.1111/EMI.14865 
 
Uncultivated microorganisms, including putatively symbiotic bacteria of the Candidate Phyla 
Radiation (CPR), often dominate microbial communities in various environments. Increasingly 
available genomic information provided insight into their potential lifestyle, but their exact role 
in the environment remains enigmatic. We combined the analysis of a draft genome of a 
member of the CPR, Cand. Roizmanbacterium ADI133 (Microgenomates) with the analysis of 
its spatio-temporal distribution patterns in a complex groundwater ecosystem, using a 
specifically designed quantitative PCR approach. Genomic characterization and co-occurrence 
analysis pointed to a host-dependent lifestyle in which Cand. Roizmanbacterium provides 
lactate, generated by fermentation from complex carbon sources, to its host. We hypothesize 
that Cand. Roizmanbacterium ADI133 plays a central role in aquifer biogeochemical cycling 
by mediating the transfer of organic carbon to and thus stimulating the growth of other 
community members with important functions in sulphur and nitrogen cycling. Our findings 
demonstrate the importance of analyzing genomic data in the context of the ecosystem and 
natural microbial community they were collected from to shed light on the role of yet 
uncultivated microorganisms in their environment. 
 
 
 
 
Supplementary data to this article can be found online at 
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.14865      
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
5. Bacterial necromass is rapidly metabolized by heterotrophic 
bacteria and supports multiple trophic levels of the groundwater 
microbiome 
 
Patricia Geesink, Martin Taubert, Nico Jehmlich, Martin von Bergen and Kirsten Küsel 
Manuscript draft in preparation 
 
Microbial communities in subsurface environments are facing limited inputs of fresh organic 
carbon. Heterotrophic microorganisms must adapt to such oligotrophic conditions developing 
mechanisms that allow a fast and efficient uptake of sparse nutrients, for example the reduction 
of cell size, or lowering general metabolic costs by genome streamlining. Recently, the 
relevance of the recycling of dead microbial biomass (necromass) for parts of the microbial 
community has been demonstrated in different environments. However, the potential of 
groundwater heterotrophs to metabolize necromass and the consequences for the entire 
groundwater microbiome, lacks fundamental understanding. In this study we investigated the 
effects of necromass addition to the microbial community in fractured bedrock groundwater. 
Using a combined DNA and Protein Stable Isotope Probing approach we followed the uptake 
of 13C-labeled necromass from a groundwater isolate by the bacterial and eukaryotic 
groundwater community. Heterotrophic members of the genera Flavobacterium, Massilia, 
Rheinheimera, Rhodoferax and Undibacterium rapidly respond to the availability of necromass, 
presumably by metabolizing necromass-derived amino acids. The release of nitrogen and sulfur 
compounds during necromass degradation subsequently led to a stimulation of autotrophic 
community members. Furthermore, groundwater eukaryotes were found to incorporated 
necromass-derived carbon. Our results suggest that in the groundwater environment, necromass 
might be a key factor sustaining not only heterotrophic microorganisms, but a large part of the 
entire groundwater microbiome over multiple trophic levels. 
 
 
Supplementary data to this article can be found at the end of the manuscript draft.  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
6. Complex food webs coincide with high genetic potential for 
chemolithoautotrophy in fractured bedrock groundwater
Martina Herrmann, Patricia Geesink, Lijuan Yan, Robert Lehmann, Kai Uwe Totsche and 
Kirsten Küsel 
Published on November 15th, 2019 in Water Research. doi: 10.1016/J.WATRES.2019.115306 
 
Groundwater ecosystems face the challenge of energy limitation due to the absence of light-
driven primary production. Lack of space and low oxygen availability might further contribute 
to generally assumed low food web complexity. Chemolithoautotrophy provides additional 
input of carbon within the subsurface, however, we still do not understand how abundances of 
chemolithoautotrophs, differences in surface carbon input, and oxygen availability control 
subsurface food web complexity. Using a molecular approach, we aimed to disentangle the 
different levels of potential trophic interactions in oligotrophic groundwater along a hillslope 
setting of alternating mixed carbonate-/siliciclastic bedrock with contrasting hydrochemical 
conditions and hotspots of chemolithoautotrophy. Across all sites, groundwater harbored 
diverse protist communities including Ciliophora, Cercozoa, Centroheliozoa, and Amoebozoa 
but correlations with hydrochemical parameters were less pronounced for eukaryotes compared 
to bacteria. Ciliophora-affiliated reads dominated the eukaryotic data sets across all sites. DNA-
based evidence for the presence of metazoan top predators such as Cyclopoida (Arthropoda) 
and Stenostomidae (Platyhelminthes) was only found at wells where abundances of functional 
genes associated with chemolithoautotrophy were 10 to 100 times higher compared to wells 
without indications of these top predators. At wells closer to recharge areas with presumably 
increased inputs of soil-derived substances and biota, fungi accounted for up to 85 % of the 
metazoan-curated eukaryotic sequence data, together with a low potential for 
chemolithoautotrophy. Although we did not directly observe higher organisms, our results point 
to the existence of complex food webs with several trophic levels in oligotrophic groundwater. 
Chemolithoautotrophy appears to provide strong support to more complex trophic interactions, 
feeding in additional biomass produced by light-independent CO2-fixation. 
 
Supplementary data to this article can be found online at  
https://doi.org/10.1016/j.watres. 2019.115306  

 

 

 

 

 

 

 
7. General Discussion 
 
Invisible in our everyday live, the subsurface is often overlooked as a compartment that 
provides important services for humans (Ford and Williams, 2007). However, the terrestrial 
subsurface hosts different environments, including groundwater, that are of great importance 
for sustaining life above the ground. Groundwater stored in karst systems is one of the main 
resources for drinking and service water worldwide. Thus, understanding the chemical, physical 
and biological processes that take place in this complex environment is key to perceive the 
significance of natural and anthropogenic influences in this important ecosystem. In order to 
understand the relevance of biological processes within the subsurface, a detailed understanding 
of the origin of dominant microorganisms, their metabolic potential and the effects of 
interactions between microorganisms is needed.  
 
7.1 Interactions of Groundwater Microorganisms 
7.1.1 Interactions via Secondary Metabolites  
Screening bacterial isolates for their ability to produce secondary metabolites that affect the 
growth of other microorganisms has classically been done on solid agar plates. Additionally, 
the screened bacteria were often obtained from easy to access environments, like soils. Within 
the framework of this dissertation, a high-throughput screening method for both growth- 
inhibiting and promoting secondary metabolites produced in liquid cultures, has been 
established (Geesink et al., 2018; Chapter 2). This method allows to automatically screen 
thousands of mono- and co-cultures in liquid media, saves time and avoids user bias compared 
to previously developed, not-automated methods for bacteria growing on solid medium (Tyc et 
al., 2014). The possibility to detect growth-promoting effects adds significant value to this 
screening method (Geesink et al., 2018; Chapter 2). By that, not only new antimicrobial 
compounds, but also novel growth promoting substances for organic fertilizers can potentially 
be discovered using this screening technique. 
Compared to other environments like soils, cell densities in groundwater are orders of 
magnitudes lower and available nutrients are scarce (Akob and Küsel, 2011; Herrmann et al., 
2019; Chapter 3). Thus, we hypothesized, that cooperative interactions leading to growth 
promotion of neighboring organisms should prevail within the groundwater community. 
However, among the tested 149 bacterial isolates, negative interactions dominated (Geesink et 
al., 2018; Chapter 2). On the one hand, the cooperative exchange of metabolites with 
unspecific partners in an environment with low abundances might against our assumptions not 
be an effective strategy. On the other hand, the investigated bacterial isolates only represent a 
small fraction of the bacterial diversity in groundwater and cooperative interactions potentially 
dominate within the yet uncultured part of the groundwater microbiome (Geesink et al., 2018; 
Chapter 2).  
Furthermore, the co-existence of different microorganisms can enhance the formation of 
metabolites that in turn affect the growth of a third organism. For soil ecosystems various 
studies show, that co-cultivation of bacterial isolates increases the formation of growth affecting 
metabolites (Garbeva et al., 2011; Traxler et al., 2013; Kinkel et al., 2014; Tyc et al., 2014, 
2017). However, co-cultivation of bacteria isolated from groundwater, although they generally 
show a high potential for the production of growth-influencing secondary metabolites, does 
neither increase growth promoting nor inhibiting effects (Geesink et al., 2018; Chapter 2). 
Direct competition for nutrients and space within a co-culture can prevent bacteria from 
investing in the production of secondary metabolites (Geesink et al., 2018; Chapter 2). Unlike 
in soil, where bacteria are present in proximity, groundwater microorganisms might be more 
adapted to a Low cell numbers and restricted formation of biofilms due 
to the oligotrophic conditions in the groundwater, presumably limit the probability of direct 
cell-cell contact in the aquifer. Thus, the development of mechanisms that trigger the formation 
of secondary metabolites in the presence of other bacteria might not be an effective strategy for 
bacteria in oligotrophic groundwater (Geesink et al., 2018; Chapter 2).  
The high potential of growth-influencing secondary metabolites production by individual 
members of the screened microbial community demonstrates the impact that these bacteria can 
have on the performance of other microorganisms in the environment. At the same time, the 
bacterial isolates that were tested only represent a small fraction (3.52 %) of the actual 
groundwater microbiome and belonging to the phyla Proteobacteria, Actinobacteria, 
Bacteriodetes and Firmicutes, that have been shown to be the dominating microorganisms in 
soils, while their relative abundance in the groundwater decreases (Herrmann et al., 2019; 
Chapter 3). In contrast, members belonging to phyla that for the most part lack cultivated 
representatives, including bacteria of the CPR, are flourishing in groundwater (Luef et al., 2015; 
Herrmann et al., 2019; Chapter 3). In order to assess potential interactions of these organisms, 
detailed analysis of their metabolic potential based on available genomes, as well as innovative 
attempts to improve cultivation strategies are needed.   
 
7.1.2 Potential Symbionts within the Candidate Phyla Radiation  
Bacteria belonging to the CPR are typically characterized by small, streamlined genomes and 
are thus depending on partner organisms (Luef et al., 2015; Castelle et al., 2018; Cross et al., 
2019; Geesink et al., 2019; Chapter 4). Members of the CPR have been found to be dominant 
members of groundwater ecosystems (Luef et al., 2015; Hubalek et al., 2016; Schwab et al., 
2017; Proctor et al., 2018). As cultivated representatives of the CPR are rare, genome-centric 
approaches can enable the elucidation of potential interactions with other microorganisms and 
even more so, the mechanisms behind these interactions (Geesink et al., 2019; Chapter 4). 
However, little is known about how these microorganisms become dominant members of the 
groundwater microbiome and how these high abundances are linked to potential partner 
organisms. The design of the Hainich CZE (Figure 3) enables the sampling of ground- and 
seepage water as well as soil in the groundwater recharge area and thus allows to track inputs 
of soil-derived microorganisms into the groundwater. An analysis across these three 
compartments demonstrated that CPR are potentially being introduced to the groundwater from 
soils via seepage water (Herrmann et al., 2019; Chapter 3). In fact, a similar mobilization of 
CPR has been observed in agricultural soils (Zhang et al., 2018). Within the groundwater, 
differences in hydrochemistry and the abundances of putative partner organisms have been 
found to be the potential driving factors for the abundance of different taxa within the 
superphylum Cand. Patescibacteria (Herrmann et al., 2019; Chapter 3).  
In order to explain the specific mechanisms that result in a distinct distribution of members of 
the CPR in a complex aquifer system, we coupled the analysis of abundance data in spatio-
temporal resolution of one CPR bacterium, Cand. Roizmanbacterium ADI133, with a detailed 
analysis of its genome (Geesink et al., 2019; Chapter 4). Within the typically small and 
streamlined genome of this organism, multiple host association and virulence factors point 
towards a symbiotic, potentially parasitic, lifestyle. Cand. Roizmanbacterium ADI133 can 
potentially attach to partner cells using a trimeric autotransporter adhesin and subsequently 
inhibit their cell wall biosynthesis using a toxin-antitoxin system (Geesink et al., 2019; 
Chapter 4). While a symbiotic lifestyle has been proposed for members of the CPR before, 
concrete mechanisms have not been described before (Luef et al., 2015; Castelle et al., 2018).  
To deduce potential partner organisms of Cand. Roizmanbacterium ADI133, we analyzed co-
occurrence patterns of the CPR organism with other members of the Hainich groundwater 
microbiome. Explicit spatio-temporal co-occurrence patterns allowed us to pinpoint one 
potential partner, a Thermodesulfovibrionia (Geesink et al., 2019; Chapter 4). However, co-
occurrence patterns within the entire groundwater community have previously shown, that CPR 
to be frequently co-occurring with hetero- and autotrophic members of the microbial 
community, as well as other members of the CPR, suggesting that co-occurrence patterns 
presumably point towards similar ecological preferences (Herrmann et al., 2019; Chapter 3).  
Closely related species to the potential partner OTU in enrichment cultures (Arshad et al., 
2017), as well as genomic data from the Hainich site (Herrmann et al., personal communication) 
point towards the ability of performing dissimilatory nitrate reduction to ammonium as well as 
sulfate reduction by the Thermodesulfovibrionia (Figure 5). Both, nitrogen and sulfur cycling 
play an important role in the Hainich groundwater, as demonstrated in independent studies 
(Kumar et al., 2017; Schwab et al., 2017; Wegner et al., 2019). By stimulating the growth of 
its partner with lactate, Cand. Roizmanbacterium ADI133 could potentially have a positive 
impact on Thermodesulfovibrionia and thus indirectly on both sulfur and nitrogen cycling in 
the groundwater of the Hainich CZE (Figure 5). 
Figure 5 | By transferring lactate to potential partner bacteria Cand. Roizmanbacterium could 
impact biogeochemical cycling of Nitrogen and Sulfur in groundwater of the Hainich CZE.      
Cand. Roizmanbacterium ADI133 could provide lactate to its potential partner Thermodesulfovibrionia 
(Nitrospirae), a mixotrophic groundwater microorganism which can perform dissimilatory nitrate 
reduction to ammonium (DNRA) as well as sulfate reduction. The different processes in nitrogen and 
sulfur cycling are depicted in different colors, modified after Canfield et al. (2010) and Drews (2015).  
 
While an in-depth analysis of the genome of one abundant member of the CPR, as well as the 
analysis of the distribution and co-occurrence pattern of all CPR present in the studied 
groundwater system (Herrmann et al., 2019; Chapter 3; Geesink et al., 2019; Chapter 4), give 
first insights into potential interactions and the metabolic potential of CPR in groundwater, their 
 In order to confidently make 
assumptions about the partner organisms of Cand. Roizmanbacterium or other members of the 
CPR in the Hainich groundwater, novel isolation strategies as presented by Cross and 
colleagues (2019) are needed. 
 
Collectively, these findings only partially confirm the first hypothesis of this thesis: 
Positive interactions between microorganisms prevail in groundwater ecosystems 
 
While we were able to confirm a high potential for interactions between cultured as well as 
yet uncultured microorganisms in groundwater, the predominance of positive interactions 
could not be confirmed with the methods applied in this thesis. However, cultivation 
independent approaches point towards a potential for cooperative interactions by yet 
uncultivated members of the CPR in the groundwater microbiome.  
  
At the same time the second hypothesis of this thesis was confirmed: 
Fermentative members of the CPR are linked to autotrophic partners 
in the groundwater microbiome 
 
In fact, we were able to show that members of the CPR are frequently positively correlated 
with autotrophic members of the groundwater microbiome. The example of 
Cand. Roizmanbacterium ADI133 gives further insights into potential associations of CPR 
with mixotrophic community members, like Thermodesulfovibrionia. However, further 
investigations are needed to confirm and characterize these interactions.  
7.1.3 Cultivation-bias and Novel Cultivation Techniques 
Although the dogma that only around 1 % of microbes are culturable (Amann et al., 1995) has 
been challenged (Martiny, 2019), to date, the majority of microbes is still not yet cultured (Steen 
et al., 2019). The phenomenon of has been first described almost a 
century ago by Razumov (1932) and was later referred to as th
(Staley and Konopka, 1985). This gap between diversity estimates as well became obvious 
when comparing the diversity covered by cultivation approaches, 16S rRNA amplicon 
sequencing and genome-resolved metagenomics from groundwater of the Hainich CZE 
(Figure 6). Recently, within the domains of Archaea and Bacteria, entire phyla that lack 
cultivated representatives have recently been discovered that can currently only be detected 
using cultivation-independent approaches (Brown et al., 2015; Spang et al., 2015; 
Anantharaman et al., 2016). While cultivation-independent methods can improve our 
understanding of the metabolic potential of yet uncultured organisms, cultivation-based studies 
are needed to complement and verify genomic-based hypotheses.  
 
Figure 6 | Comparison of the bacterial diversity in groundwater of the Hainich CZE.      
Diversity of the isolated bacteria from groundwater (Geesink et al., 2018; Chapter 2), the bacterial 
community estimated via 16S rRNA gene amplicon sequencing (Geesink et al., 2019; Chapter 4) and 
genome-resolved metagenomics (Overholt et al., 2019). 
 
Within the framework of this dissertation, 149 bacterial isolates from groundwater have been 
obtained. In sum, these isolates account for up to 3.52 % of the bacterial community in the 
Hainich Critical Zone Exploratory (Geesink et al., 2018; Chapter 2). Considering that only a 
small fraction of the community in an environment can be isolated with classical approaches 
(Amann et al., 1995; Steen et al., 2019), the isolates obtained from the Hainich CZE cover a 
remarkable fraction of the groundwater community. However, the microbial diversity revealed 
by amplicon-based and genome-resolved sequencing approaches exceeds the diversity among 
the cultured bacteria from our groundwater system (Figure 6). Beyond the work conducted 
within the framework of this dissertation, the isolated bacteria were used to investigate the 
effects of functional and phylogenetic diversity on synthetic community functioning 
(Xenophontos et al., 2019) as well as to develop a method to track active microbial cells using 
single cell Raman micro-spectroscopy (Taubert et al., 2018). 
Novel cultivation techniques, like a directed co-isolation of specific microorganisms using 
techniques like reverse genomics (Cross et al., 2019) could facilitate the cultivation of a broader 
range of organisms, and potentially also enable the co-isolation of members of the CPR from 
groundwater with their potential partners. Cross and colleagues (2019) demonstrated for 
Cand. Saccharibacteria, that an isolation of CPR with their hosts is possible, thus, presenting a 
promising approach also for the groundwater community. Using genome-derived information 
about specific surface proteins could for example also be used to actively sort and cultivate 
Cand. Roizmanbacterium ADI133 together with its partner. Furthermore, methods like droplet 
microfluidics can be used to improve the cultivation of for example slow growing 
microorganisms that are not as competitive under laboratory conditions (Mahler et al., 2015; 
Kaminski et al., 2016). By separating single cells into individual droplets, competition for 
nutrients and space gets limited, which enhances the growth of microorganisms that would not 
be targeted by classical cultivation approaches. Here, information obtained from a detailed 
analysis of CPR genomes can be used to tailor future cultivation attempts towards individual 
organisms, like cellulose or necromass that are potential carbon sources of 
Cand. Roizmanbacterium ADI133 (Geesink et al., 2019; Chapter 4) 
First incubations of groundwater microorganisms in microfluidics show, that even though 
members of the phyla Proteobacteria and Bacteroidets are dominating the incubations in 
droplets, Cand. Patescibacteria (CPR) are maintained in the droplet incubations (Geesink and 
Mahler et al., unpublished; Figure 7). Further refinements of the incubation approaches, such 
as incubations under anoxic conditions, encapsulating single groundwater bacteria with 
potential partner organisms, or the separation of droplets with lower cell densities 
(potentially CPR) from droplets with high cell densities (potentially heterotrophs) are 
promising strategies to facilitate the cultivation of yet uncultivated microorganisms (Geesink 
and Mahler et al., unpublished).  
 
Figure 7 | Innovative cultivation techniques facilitate the cultivation of yet uncultivated bacteria. 
Relative abundances of bacteria that were maintained in microfluidic droplet incubations over a time 
span of 7 weeks and two droplet passages (transfers) (Geesink and Mahler et al., unpublished).  
 
7.2 Efficient Recycling of Carbon Supports the Groundwater Microbiome 
7.2.1 Reduction of Cell Size in Oligotrophic Environments 
One characteristic features of members of the CPR, but also other microorganisms in 
oligotrophic environments is the reduced cell- and genome size (Hood and MacDonell, 1987; 
Rocap et al., 2003; Giovannoni et al., 2005; Luef et al., 2015). Up to 54 % of the bacteria in 
the groundwater of the Hainich CZE have been found to pass through 0.2 µm pore size filters 
(Herrmann et al., 2019; Chapter 3). These bacteria are partially organisms known to have small 
cell sizes, like members of the CPR, as well as other heterotrophic and autotrophic bacteria that 
typically have larger cells (Figure 8A). Generally, microbial cell size is limited by the space 
that essential parts of a cell, such as nucleic acids, ribosomes and enzymes require within the 
cell envelope (Velimirov, 2001). Based on this, a minimum cell diameter between 0.14 µm and 
0.30 µm has been proposed (Koch, 1996; Velimirov, 2001; Luef et al., 2015).  
Figure 8 | Variations in cell sizes in different groups of bacteria across the Hainich CZE.  
(A) The bacterial community within both filter fractions can be differentiated in auto- (yellow) and 
heterotrophic (green) bacteria, including CPR (blue). (B) A drastic decrease in cell size induced by 
starvation has been demonstrated for multiple heterotrophic bacteria that were isolated from the Hainich 
CZE. TEM pictures of a Flavobacterium illustrate these effects (Herrmann et al., 2019; Chapter 3). 
Studies from various environments, report the presence of ultra-small bacterial cells that pass 
through the commonly used 0.2 µm filters. These studies include terrestrial and marine samples, 
kidney stones or human cavities (Bae et al., 1972; McKay et al., 1996; Kajander et al., 1998; 
Miyoshi et al., 2005; Soro et al., 2014; Luef et al., 2015; Herrmann et al., 2019; Chapter 3). 
However, the underlying mechanisms that cause ultra-small cell sizes can be different. 
Genome streamlining. Luef and colleagues (2015) highlight the presence of ultra-small 
bacteria belonging to the CPR in groundwater, whose small cell size below 0.2 µm is related to 
a small genome size of around 1 Mbp. With that, the genomes of members of the CPR are 
comparably small, if not smaller, than genomes of other ultra-small bacteria (Table 1). The 
drastic reduction of genome size correlates with reduced metabolic costs for replication 
(Giovannoni et al., 2014). While other ultra-small bacteria like Prochlorococcus are free-living 
organisms, members of the CPR are assumed to be obligate symbionts. The drastic reduction 
of their genome led to the loss of essential metabolic features like the ability to synthesize 
nucleotides, amino acids, vitamins or lipids (Wrighton et al., 2012; Brown et al., 2015; Castelle 
and Banfield, 2018). First isolates and enrichment cultures confirm the partner-dependent 
lifestyle of individual members of the CPR (Gong et al., 2014; He et al., 2015; Cross et al., 
2019). Likewise, a detailed analysis of the spatio-temporal distribution of CPR member, 
Cand. Roizmanbacterium ADI133, suggests that this bacterium is at least temporarily living 
attached to other bacteria. The identified mechanisms for attachment to potential partner cells 
affirm these findings (Geesink et al., 2019; Chapter 4).  
In marine environments, multiple examples of free-living ultra-small show that streamlined 
genomes are not leading to an obligate partner association (Table 1). Indeed, differences in 
preferences of being in the 0.2 µm filter fraction despite the presumably smaller cell sizes points 
towards an attached lifestyle (Cand. Roizmanbacteria, candidate class ABY1 
Cand. Gracilibacteria), whereas other members of the CPR that are enriched in the 0.1 µm 
fraction might be preferentially free-living (Cand. Paceibacteria) (Geesink et al., 2019; 
Chapter 4; Herrmann et al., 2019; Chapter 3).  
Table 1 | Examples of free-living ultra-small bacteria with reduced genome sizes demonstrate, that 
genome streamlining does not necessarily lead to an obligate partner association. 
Organism Genome Size Environment Reference 
Prochlorococcus 1.66-2.41 Mbp Marine Rocap et al. (2003) 
SAR11 1.28-1.46 Mbp Marine Giovannoni et al. (2005) 
OM43 1.30 Mbp Marine Giovannoni et al. (2008) 
Cyanobacterium UCYN-A 1.44 Mbp Marine Tripp et al. (2010) 
 
An obligate reduction of cell size to lower metabolic costs is only one strategy to persist in 
oligotrophic environments like groundwater, and beside CPR bacteria, also other heterotrophic 
bacteria can be found in the 0.1 µm fraction (Figure 8A).  
Starvation. The persistence of microorganisms in groundwater is strongly linked to their ability 
to tolerate stress due to the lack of nutrients or variations in nutrient availability (Haller et al., 
2000). While the input of organic carbon (OC) to subsurface environments is limited, 
heterotrophic bacteria depend on this input, otherwise leading to starvation. 
We investigated the impact of carbon limitation on 26 representative bacterial isolates from the 
Hainich CZE and found that 80 % of these heterotrophic organisms reduced their cell size with 
decreasing availability of OC in the growth medium. Transmission Electron Microscopy of a 
selected isolate belonging to the genus Flavobacterium sp. confirmed a drastic reduction of the 
cell size and morphology from long, rod-shaped cells to small cocci under conditions of 
starvation (Figure 8B). These results demonstrate how heterotrophic bacteria can adapt to the 
extreme conditions in groundwater by drastically reducing their cell size. The increase in 
surface-to-volume ratio improves the uptake of nutrients (Sowell et al., 2009) and thus is 
beneficial under conditions of carbon starvation (Herrmann et al., 2019; Chapter 3).  
Similarly, marine habitats are often limited in nutrients and have been described to harbour 
large fractions of ultra-small bacteria (Macdonell and Hood, 1982; Li and Dickie, 1985; Hood 
and MacDonell, 1987; Haller et al., 2000). Ultra-small bacteria of the genus Vibrio, isolated 
from estuary water, have been shown to reduce their cell size under nutrient limited conditions 
(Hood and MacDonell, 1987; Nyström et al., 1992). Flavobacterium and different 
Proteobacteria were similarly found to be present in the starved, ultra-small fraction of bacteria 
in seawater from the Western Mediterranean Sea (Haller et al., 2000). While the effect of OC 
availability on a subset of members of the groundwater community is striking (Herrmann et al., 
2019.; Chapter 3), implications of in-situ generated as well as recycled OC on the composition 
and functioning of the entire groundwater microbiome need to be addressed further.  
7.2.2 Carbon Flow in Groundwater Food Webs 
Chemolithoautotrophy. While microorganisms in the groundwater are well adapted to the 
conditions in the subsurface by streamlining their genomes or reducing their cell size in phases 
of starvation, the availability of organic carbon is a strong limiting factor for growth of these 
organisms. Due to the lack of light-driven primary production and little carbon inputs from the 
surface, chemolithoautotrophic primary production is of great importance for the groundwater 
microbiome and fuels subsurface food webs (Akob and Küsel, 2011; Hutchins et al., 2016; 
Herrmann et al., 2020; Chapter 6).  
Investigating subsurface environments, that are generally not easy to access, is challenging and 
studies disentangling microbial food webs in groundwater are limited and have been focussing 
on cave environments or exclusively targeted the prokaryotic community in the groundwater 
(Graening and Brown, 2003; Simon et al., 2003). This unidirectional investigation of 
groundwater as a habitat has often led to the assumption that subterranean food chains are short 
and the diversity, especially of eukaryotic life, is low (Graening and Brown, 2003; Simon et al., 
2003). Contrastingly, other studies found that groundwater harbours complex food webs and a 
high diversity of all domains of life (Danielopol et al., 2000; Risse-Buhl et al., 2013). This 
diversity, that is supposedly comparable to the diversity in surface ecosystems, must be 
supported by an independent energy source (Por, 2007; Hutchins et al., 2016). In fact, Por 
(2007) speculates about the existence of a globally distributed, contiguous biome that is 
exclusively based on chemolithoautotrophic primary production.  
With up to 36% of the bacterial community being chemolithoautotrophic bacteria, the potential 
of in-situ primary production of biomass in the groundwater of the Hainich CZE is immense. 
This pool of bacterial biomass supports the complex food webs observed within this 
groundwater system, independent of surface organic matter input (Herrmann et al., 2020; 
Chapter 6; Figure 9). As a result, the studied aquifers harbour complex food webs that 
comprise multiple trophic levels, including Ciliophora, as first- and second-level predators. 
Their high versatility with respect to oxygen tolerance, feeding strategies as well as cell size, 
might allow Ciliophora to inhabit various micro-habitats within the complex aquifer system. 
Furthermore, molecular evidence for the presence of metazoan top predators such as 
Cyclopoida or Platyhelminthes was found (Herrmann et al., 2020; Chapter 6). While the 
presence of diverse protozoa has been confirmed by cultivation- and microscopy based 
investigations of the aquifer system (Risse-Buhl et al., 2013), the presence of metazoan 
organisms in the aquifer system should be confirmed likewise.   
 
Figure 9 | Proposed trophic interactions within the groundwater microbiome.        
Complex food webs in karst aquifer systems are not only fuelled by surface input but rather by 
chemolithoautotrophic primary production for which we found a high genetic potential (Herrmann et 
al., 2020; Chapter 6) as wells as efficient recycling of bacterial necromass by heterotrophic bacteria 
and bacterivorous protozoa (Geesink et al., in preparation; Chapter 5). 
 
Necromass. Besides in-situ produced biomass through chemolithoautotrophic primary 
production bacterial communities can recycle dead bacterial biomass. Especially in 
environments with limited inputs of organic carbon, an efficient use of all available carbon 
sources is crucial. The ability to recycle necromass has previously been shown for microbial 
communities in different environments, including marine sediments, soils and compost 
(Bradley et al., 2018; Müller et al., 2018; Hanajima et al., 2019; Liang et al., 2019) Equivalent 
to the microbial loop in aquatic systems (Azam et al., 1983) ace 
(Dong et al., 2018). By following the uptake of dead 
bacterial biomass by the microbial community, we were able to demonstrate the potential for 
recycling of necromass by groundwater microorganisms. Here, necromass mainly serves as a 
carbon source for heterotrophic organisms belonging to the genera Flavobacterium, Massilia, 
Rheinheimera, Rhodoferax and Unibacterium (Geesink et al., in prep.; Chapter 5).  
While heterotrophic organisms directly benefit from the uptake of necromass-derived carbon 
auto- or mixotrophic members of the community like Nitrosomonas, Acidovorax, 
Limnohabitans and Paucibacter subsequently benefit from an increasing amount of nitrogen 
and sulfur compounds that are released during the metabolization of amino acids by 
heterotrophs (Geesink et al., in prep.; Chapter 5). Thus, also autotrophic primary production 
is supported by the recycling of dead microbial biomass by the groundwater community. 
Additionally, necromass, mainly consisting of proteins, is a source of amino acids, but also 
lipids or vitamins for heterotrophic bacteria, including metabolically restricted members of the 
CPR that comprise a major fraction of groundwater communities (Brown et al., 2015; Luef et 
al., 2015; Geesink et al., 2019; Chapter 4; Herrmann et al., 2019; Chapter 3). Members of the 
CPR have indeed been proposed to be involved in the degradation of necromass (Orsi et al., 
2018; Geesink et al., 2019; Chapter 4; Starr et al., 2018). However only one OTU of 
Cand. Gracilibacteria incorporate necromass-derived 13C in our experiments. Indeed, the 
dependency of Cand. Gracilibacteria on externally derived amino acids has recently been 
proposed (Sieber et al., 2019). The amount of necromass present in the groundwater is 
supposedly lower than in our microcosm experiment and might have instead over-stimulated 
growth of more competitive members of the groundwater microbiome. While we were not able 
to demonstrate the metabolization of necromass-derived carbon multiple members of the CPR, 
it cannot be excluded to be a relevant process within the groundwater ecosystem.  
The OC provided by dead microbial biomass does not only serve as a carbon source for the 
prokaryotic community, but it is also incorporated by eukaryotes inhabiting the groundwater. 
Protozoa in groundwater are mainly bacterivorous and thus, take up biomass-derived carbon 
when feeding on bacteria (Geesink et al., in prep.; Chapter 5). At the same time, dissolved 
organic matter, putatively including necromass, can form larger aggregates that are taken up by 
the protozoan community (Kerner et al., 2003). Yet, a differentiation between the direct uptake 
by the labelled necromass or the transfer of carbon through heterotrophic bacteria was not 
possible (Geesink et al., in prep.; Chapter 5). While in marine sediments, the rates of cell death 
can only cover the maintenance costs of non-growing microorganisms (Bradley et al., 2018), 
groundwater ecosystems like the Hainich CZE might benefit from the inputs of microorganisms 
from surface environments (Herrmann et al., 2019; Chapter 3). An efficient recycling of the 
introduced microbial biomass supports heterotrophic and subsequently autotrophic growth 
(Geesink et al., in prep.; Chapter 5). The resulting biomass, combined with a generally 
increased potential for chemolithoautotrophic primary production putatively supports complex 
microbial food webs in the subsurface (Herrmann et al., 2020; Chapter 6; Geesink et al., in 
prep.; Chapter 5).  
  
 
Microorganisms inhabiting groundwater have adapted to the conditions within this nutrient-
limited environment by being able to temporarily reduce their cell size in phases of starvation 
and at the same time can rapidly respond to available sources of organic carbon (Herrmann et 
al., 2019; Chapter 3; Geesink et al., in prep.; Chapter 5).  
Collectively the findings presented within this thesis confirm the third hypothesis:  
 
Groundwater microorganisms respond to the availability  
of different carbon sources 
 
Within three independent studies we were able to show how available organic carbon rapidly 
leads to responses in different groups of the microbial community. Organic carbon starvation 
leads to an immediate decrease in the cell size of the majority of heterotrophic bacteria. At 
the same time, carbon derived from necromass is rapidly metabolized by heterotrophic 
community members and subsequently promotes the growth of autotrophic bacteria as well 
as protozoa. Similarly, organic carbon provided by chemolithoautotrophic primary 
production supports complex food web structures within the eukaryotic community.  
  
7.3 Advantages of Comprehensive Approaches in Environmental Microbial Ecology  
While cultivation-based methods to asses microbial diversity have been shown to only give 
limited information about the entire diversity of life in an environment, sequencing-based 
techniques generate a far more complete picture of the bacterial diversity in groundwater 
(Figure 6). Although sequencing of 16S rRNA gene amplicons showed that bacteria belonging 
to the CPR dominate the groundwater of the Hainich CZE (Herrmann et al., 2019; Chapter 2), 
certain groups of CPR, like Cand. Roizmanbacteria, are being overlooked by these methods 
and could only be detected by genomic-based methods (Geesink et al., 2019; Chapter 4). 
Cand. Roizmanbacterium ADI133 was discovered using a cell-sorting based approach and has 
subsequently been shown to be an abundant member of the groundwater community (Geesink 
et al., 2019; Chapter 4). Due to insertions in their 16S rRNA gene, members of the CPR often 
show high amounts of mismatches against commonly used primer sets (Brown et al., 2015; 
Eloe-Fadrosh et al., 2016) and thus could not be detected in the amplicon-based monitoring of 
the groundwater community (Geesink et al., 2019; Chapter 4). Similar effects have been 
observed for certain protozoan groups that remain undetected by 18S rRNA gene primer sets 
(Glaser et al., 2014; Johnke and Chatzinotas, 2015). The development of specific primer sets to 
follow abundances of specific groups can be a time- and cost-effective tool to monitor 
organisms in complex environments (Geesink et al., 2019; Chapter 4).  
Besides giving a more complete picture of the diversity within a sample, genome-resolved 
metagenomic techniques as well as single cell genomics do also improve our understanding on 
the metabolic potential of an organism in its environment (Rinke et al., 2014; Anantharaman et 
al., 2016). By that, we can draw conclusion about the potential ecological role and function of 
yet uncultivated bacteria in the environment (Geesink et al., 2019; Chapter 4). In turn, genome-
resolved studies can guide and improve cultivation efforts. Examples of the successful use of 
genome-derived information to cultivate as-yet uncultivated microorganisms include for 
example Leptospirillum ferrodiazotrophum (Tyson et al., 2005), Pelagibacter ubique (Carini 
et al., 2013) and more (reviewed in Gutleben et al., 2018). However, tayloring cultivation 
approaches towards specific organisms within complex communities remains difficult. The 
development of new cultivation (Cross et al., 
2019) is needed to specifically target individual members of microbial. Cross and colleagues 
(2019) make use of antibodies against surface proteins of Saccharibacteria (TM7) that were 
predicted based on MAGs or SAGs. The antibodies can be employed to stain and subsequently 
isolate the target-organisms using cell-sorting techniques (Cross et al., 2019). This technique 
 
offers the possibility for a targeted sorting of yet uncultivated bacteria, including host-
associated organisms, from complex communities like the groundwater microbiome.  
At the same time, having the genetic potential to perform certain processes in an environment, 
does not mean, that an organism is indeed making use of these genes. By combining these 
methods with stable isotope probing (SIP) approaches, not only the expression of genes or the 
production of certain proteins by an organism can be shown, but also the active incorporation 
of labelled substrates into an organism can be proven (Jehmlich et al., 2010). With that, Protein-
SIP can be used to verify or falsify hypotheses that were made based on prediction from 
genomes. In turn, these results can be used to revise cultivation efforts as demonstrated by 
Belnap et al. (2010), who used proteomics to verify if their used cultivation conditions for 
microbial communities resembled the natural communities on a functional level. While the 
proposed uptake of necromass by Cand. Roizmanbacterium ADI133 (Geesink et al., 2019; 
Chapter 4) could not be demonstrated within the framework of this dissertation, the recycling 
of necromass was demonstrated to be a potential key mechanism for sustaining not only 
heterotrophic bacteria but a substantial part of the groundwater microbiome via carbon flow to 
higher trophic levels and release of inorganic electron donors for chemolithoautotrophic 
metabolisms (Geesink et al., in prep.; Chapter 5). 
 
7.4 Conclusion 
Within the framework of this dissertation, a holistic approach was applied to elucidate the 
complex interactions and metabolic potential of groundwater microorganisms in the Hainich 
Critical Zone Exploratory (Figure 10). To address the proposed hypotheses, cultivation-
dependent and -independent microbial ecological methods were combined with experimental 
approaches, to obtain an as complete picture of groundwater community as possible. The 
findings obtained within this thesis highlight the importance of combining different methods to 
assess the potential of microbial interactions in complex communities. At the same time, also 
the limitations of deducing the role of an organisms within the environment based on genomic 
information are demonstrated with this work. While all methods used within this thesis have 
different limitations regarding their use in microbial ecology, this dissertation shows how the 
combination of different methods facilitates a more complete picture of the complexity and 
potential of microbial communities. The presented findings illustrate how groundwater 
microbial communities are structured and influenced by species interactions as well as by the 
metabolic potential of individual members. This thesis further highlights the importance of 
trophic interactions in the terrestrial subsurface and the implications that these interactions can 
have on an entire microbiome. At the same time, cultivation should still be regarded as the most 
important tool to fully understand the metabolic potential of individual organisms and thus, also 
the interactions between members of the microbial community. Therefore, the knowledge 
gained by multi*omics approaches should be used to improve cultivation strategies of yet 
uncultivated microorganisms, including members of the CPR.  
 
Figure 10 | Forms of interactions and metabolic potential of groundwater microorganisms.         
(A) The production of growth-promoting (+) and growth-inhibiting (-) secondary metabolites by 
groundwater bacteria decreases during co-cultivation (Geesink et al., 2018; Chapter 2). (B) The analysis 
of the genome of Cand. Roizmanbacterium ADI133 elucidated its ecological preferences and potential 
relationship with an autotrophic partner (Geesink et al., 2019; Chapter 4). (C) Heterotrophic bacteria 
adjust their cell size to different concentrations of organic carbon (OC) (Herrmann et al., 2019; 
Chapter 3). (D) Carbon (C) derived from Necromass is incorporated by heterotrophic bacteria and 
eukaryotes. Nitrogen (N) and sulfur (S) compound released through amino acid degradation support the 
growth of autotrophic bacteria (Geesink et al., in prep.; Chapter 5). (E) An increasing genetic potential 
for chemolithoautotrophy putatively supports complex food webs in groundwater (Herrmann et al., 
2020; Chapter 6). 
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Assembling microbial and phage genomes from metagenomes is a powerful and appealing method to 
understand structure-function relationships in complex environments. In order to compare the recovery 
of genomes from microorganisms and their phages from groundwater, we generated shotgun 
metagenomes with Illumina sequencing accompanied by long reads derived from the Oxford Nanopore 
sequencing platform. Assembly and metagenome-assembled genome (MAG) metrics for both microbes 
and viruses were determined from Illumina-only assemblies and a hybrid assembly approach. Strikingly, 
the hybrid approach more than doubled the number of mid to high-quality MAGs (> 50% completion, 
< 10% redundancy), generated nearly four-fold more phage genomes, and improved all associated 
genome metrics relative to the Illumina only method. The hybrid assemblies yielded MAGs that were 
on average 7.8% more complete, with 133 fewer contigs and a 14 kbp greater N50. Furthermore, the 
longer contigs from the hybrid approach generated microbial MAGs that had a higher proportion of 
rRNA genes. We demonstrate this usefulness by linking microbial MAGs containing 16S rRNA genes 
with extensive amplicon dataset. This work provides quantitative data to inform a cost-benefit analysis 
on the decision to supplement shotgun metagenomic projects with long reads towards the goal of 
recovering genomes from environmentally abundant groups. 
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